ABSTRACT The role of early secretory trafficking in the regulation of cell motility remains incompletely understood. Here we used a small interfering RNA screen to monitor the effects on structure of the Golgi apparatus and cell migration. Two major Golgi phenotypes were observed-fragmented and small Golgi. The latter exhibited a stronger correlation with a defect in cell migration. Among the small Golgi hits, we focused on phospholipase C γ1 (PLCγ1). We show that PLCγ1 regulates Golgi structure and cell migration independently of its catalytic activity but in a manner that depends on interaction with the tethering protein p115. PLCγ1 regulates the dynamics of p115 in the early secretory pathway, thereby controlling trafficking from the endoplasmic reticulum to the Golgi. Our results uncover a new function of PLCγ1 that is independent of its catalytic function and link early secretory trafficking to the regulation of cell migration.
INTRODUCTION
Trafficking between endomembrane compartments plays an important role in the regulation of cell migration. For instance, Rab11, which regulates endocytic recycling, controls cell migration and invasion (Ramel et al., 2013 ). An organelle reported to be of great importance for cell movement is the Golgi apparatus. In most mammalian cells, the Golgi is a single-copy organelle located in the juxtanuclear region and is composed of stacks of flattened cisternae, which laterally connect to form the Golgi ribbon. Structural integrity of the Golgi has been mainly studied in the context of cell migration, but there are also reports showing that fragmentation of the Golgi has an effect on glycan processing (Chia et al., 2012; Xiang et al., 2013; Goh and Bard, 2015) . In directionally migrating cells, the Golgi orients toward the leading edge and thereby polarizes post-Golgi trafficking. Thus structural integrity of this organelle is important for directed motility (Kupfer et al., 1982; Yadav et al., 2009) . The importance of post-Golgi trafficking is underscored by recent findings that post-Golgi trafficking of small GTPases and their activators or polarization of α5β1 integrin-containing endosomes controls cell migration and invasion (Osmani et al., 2010; Jacquemet et al., 2013; Baschieri et al., 2014) . Although far from being completely understood, the role of post-Golgi trafficking in cell migration has been reasonably well studied. However, the role of trafficking in pre-Golgi compartments is less well defined.
The search for new regulators of various cellular processes was facilitated by the emergence of systems biology approaches. Several RNA interference (RNAi) screens were performed to study cell migration (Simpson et al., 2008; Lara et al., 2011) , organelle architecture (Farhan et al., 2010; Chia et al., 2012) , and secretion (Bard et al., 2006; Simpson et al., 2012; Mitrovic et al., 2013) . Given the link between the Golgi and cell migration, we might expect a considerable degree of overlap between the hits from these screens. However, this is not the case. Of 75 hits identified as inhibitors of migration in MCF10A cells (Simpson et al., 2008) , only 11 were uncovered as regulators of Golgi structure in RNAi screens focusing on the secretory pathway (Farhan et al., 2010; Chia et al., 2012; Simpson et al., 2012) . This is not surprising, since limited overlap between rendered the Golgi size smaller, but only the new siRNA pool inhibited cell migration, whereas the effect of the original siRNA was borderline (reduction by 13%, and our cut-off was 15%; Supplemental Table S1 ). We also examined the extent to which the effects on Golgi structure and cell migration are due to alterations of cell fitness. Therefore we assessed another set of 21 knockdowns on proliferation and apoptosis and did not find any effects (Supplemental Table S1 ). HeLa cells are the "work horses" for most researchers performing RNAi screens. Because this is a transformed cell line, we wanted to test whether some of our hits affect Golgi structure and cell motility in the nontransformed epithelial cell line RPE-1. We therefore depleted 21 different genes and stained for giantin to monitor the Golgi and performed wound-scratch assays to test for cell migration. The same outcome was observed in RPE1 cells as in HeLa cells (Supplemental Table S1 ), indicating that our findings are not restricted to a single cell line.
Finally, we determined the effects of our hits on polarization of the Golgi toward the leading edge of migrating cells. Alterations of Golgi orientation are indicative of a defect in cell polarity. The polarization index was determined as the percentage of cells in which the major mass of the Golgi was located at a 120° angle facing the wound. Directly after wounding, 30-40% of cells displayed a Golgi that was facing the wound ( Figure 1C ), whereas ∼70% of cells had reoriented Golgi at 6 h postwounding. The vast majority of hits exhibited polarization indices of <50% ( Figure 1C ), indicating that defects in cell polarization correlate with the observed effects on cell migration in most, but not all hits.
Differential effect of the quality of Golgi phenotype on cell migration
Next we determined the correlation of Golgi phenotypes with cell migration. We compared only small and fragmented Golgi hits because there was only one hit rendering the Golgi bigger. Among the fragmented Golgi hits, ∼60% had a significant effect on cell migration ( Figure 1D ). This result is surprising, given that, to the best of our knowledge, all articles reporting Golgi fragmentation also reported inhibition of directional motility (e.g., Bisel et al., 2008; Yadav et al., 2009; Farhan et al., 2010; Reiterer et al., 2013) . The lack of effect of some fragmented Golgi hits on cell migration does not correlate with a low extent of Golgi fragmentation. For instance, the depletion of MGC45428 resulted in a strong Golgi fragmentation but had no effect on wound closure (Supplemental Table S1 ). Of the small Golgi hits, 87% (14 of 16) exhibited impaired cell migration ( Figure 1D and Supplemental Table S1 ). Therefore small Golgi hits seem to correlate better with a defect in cell migration than fragmented Golgi hits. To address whether the small Golgi we observed in confocal slices is also smaller in volume, we performed three-dimensional-stack imaging and calculated the Golgi volume. We found that the depletion of every small Golgi hit reduces the volume of the Golgi ( Figure 1E ). This led us to the next question of whether the reduction in Golgi size is due to a decrease in the level of Golgi matrix or a decrease in the level of proteins regulating bidirectional ER-to-Golgi transport. We therefore assessed the levels of ER-Golgi intermediate compartment-53 (ERGIC-53) and GM130 in cells depleted of the small Golgi hits. GM130 is a Golgi-matrix protein, and ERGIC-53 is a cargo receptor that regulates trafficking between the ER and the Golgi. None of the hits affected ERGIC-53 protein levels, and six affected the expression of GM130, with five causing a reduction and one increasing GM130 expression (Supplemental Figure  S1) . Therefore there appears to be no link between the reduction in Golgi size and a change in the expression levels of GM130 or ERGIC-53.
RNAi screens has been reported and analyzed in depth (Macilwain, 2011; Bhinder and Djeballah, 2013; Farhan, 2015) . Thus a combined screening approach is needed that compares effects on Golgi morphology with effects on cell migration. This Golgi-centric strategy might reveal novel migration regulators or identify new modes of action for previously described regulators of migration. In this work, we used RNAi screening to identify hits that alter the structure of the Golgi, as well as cell migration. We focused on phospholipase γ1 (PLCγ1; hereafter referred to as PLCG1) and showed that its depletion regulates Golgi morphology and cell movement in a manner that is independent of its catalytic activity. We find that the effect of PLCG1 on cell migration is mediated via regulation of trafficking in the early secretory pathway. We uncover a new mechanism of action for PLCG1 in the context of cell migration and emphasize that endoplasmic reticulum (ER)-to-Golgi trafficking, although not sufficient, is necessary to control cell migration.
RESULTS

Screening for effects on Golgi morphology and cell migration
Previously we identified 38 hits that affect Golgi structural integrity (Farhan et al., 2010) . Assembling these into a protein-protein interaction network revealed only minor connectivity, which does not permit the inference of novel regulators of cell migration and membrane traffic (Farhan et al., 2010; Figure 1A) . We reasoned that expanding the network might improve its connectivity and allow for a better analysis of the role of the secretory pathway in cell motility. Therefore we extracted the in silico interactome of every Golgi-class hit from various databases (e.g., HPRD, BioGRID, IntAct). Interaction partners with known links to the secretory pathway (determined using HPRD, UniProt, or PubMed by searching for the name of the gene plus either "Golgi" or "secretory pathway") were added to the list. This approach resulted in the expansion of the original list of 38 Golgi hits to 103 proteins, which formed a well-connected network ( Figure 1A ). These 103 putative regulators of Golgi structure were targeted by small interfering RNA (siRNA; pool of four different sequences) and screened for effects on Golgi structure and cell migration in HeLa cells. Golgi structure was assayed using immunofluorescence staining of giantin, and effects on cell migration were determined using a two-dimensional wound-healing assay. Three knockdowns (BCAR1, COPB2, and PRKAR2A) exhibited strong lethality (>70%) and were excluded from further analysis. Of the remaining 100 proteins, 77 had a clear effect on Golgi morphology. Three Golgi phenotypes were observed: fragmented, small, and big Golgi. Fragmented Golgi hits refer to knockdowns in which we observed a more than twofold increase in the number of cells with greater than four fragments per cell (Supplemental Table S1 ). Small and big Golgi refer to phenotypes in which the area of the Golgi (as normalized to the cell area) was found to change significantly (Supplemental Table S1 ). Of the 77 Golgi-affecting hits, 52 (67%) were found to inhibit cell migration ( Figure 1B) . We are aware of the fact that the screen was performed with a gene list biased toward the secretory pathway, and therefore it is expected that we found several Golgi and migration regulators among them. However, our results also indicate that the correlation between Golgi structure and cell migration is not complete because several Golgi hits did not affect cell migration.
To support the results of our initial screen, we used a different set of siRNAs (pools of four oligos that do not overlap with the original pool) and rescreened 22 genes in HeLa cells. Almost the same results were obtained as with the original siRNAs (Supplemental Table  S1 ). The only exception was CDK5, for which both siRNA sets FIGURE 1: (A) Protein-protein interaction network illustrating improved connectivity after network expansion. Edges are physical or functional protein-protein interactions. (B) Percentage of cells with defects in migration as a function of Golgi alteration. Asterisks indicate statistically significant differences at p < 0.001 determined using a χ 2 test. (C) HeLa cells were transfected with the indicated siRNA. After 72 h, the cell monolayer was wounded, and cells were fixed directly after wounding or after 6 h. Cells were immunostained for giantin to visualize the Golgi. A Golgi was termed oriented if its major mass was located within a 120° angle facing the wound. (D) Comparison of the association of fragmented or small Golgi hits with impaired migration. Asterisks indicate statistically significant differences at p < 0.01 determined using a χ 2 test. Right, representative examples of cells exhibiting an unaltered (Normal) Golgi morphology transfected with a nontargeting siRNA (siControl) or cells exhibiting a fragmented Golgi or a small Golgi. The identity of the depleted gene is indicated. (E) HeLa cells were transfected with the indicated siRNA and after 72 h fixed and stained for giantin. Stacks of the Golgi were acquired using a confocal laser scanning microscope, and the Golgi volume was calculated using ImageJ. Bars indicate the mean ratios of Golgi volume to cell size, and values are expressed as fold of control. All values are significantly different from control (p < 0.05).
depletion of DGKG resulted in a considerable reduction ( Figure 3C ). We also calculated the effects on the directness index, which is a ratio of the Euclidean distance to the accumulated distance. Again, PLCG1-depleted cells were not distinguishable from control, whereas DGKG-silenced cells exhibited reduced directness ( Figure 3C ). Finally, we also measured the velocity of migration and found that depletion of PLCG1 led to a reduction of cell speed by ∼50% of control, whereas knockdown of DGKG accelerated cell movement ( Figure 3D ). Thus PLCG1 depletion affects the speed rather than the directionality of cell migration.
PLCG1 regulates cell migration and Golgi size independently of its catalytic activity and in a way that depends on interaction with p115
Because PLCG1 is an enzyme, we asked whether and how much the catalytic activity is relevant for the observed effects of PLCG1 effects on Golgi architecture and migration. To address this question, we performed siRNA rescue experiments. Wild-type PLCG1 fully rescued the reduction of Golgi size and impairment of cell migration in PLCG1-knockdown cells (Figure 4 , A and B). Of interest, catalytically inactive PLCG1 (PLCG1-H335Q; Huang et al., 1995) rescued Golgi size and defects of cell migration to the same extent as the wildtype protein (Figure 4 , A and B), indicating that PLCG1 regulates the Golgi and cell migration independently of its catalytic activity. This conjecture was further supported by the observation that pharmacological inhibition of PLCG1 did not affect Golgi size or cell migration (Figure 4, C and D) . Of note, the inhibitor was active, because treatment resulted in an increase of cellular phosphatidylinositol-(4,5)-bisphosphate (PI(4,5)P2), the substrate of PLCG enzymes (Supplemental Figure S3 ) Therefore we searched for other possible mechanisms of action. PLCG1 was shown to interact with the tethering protein p115 (also known as USO1; Han et al., 2003) , a finding that we confirm ( Figure  5A ). To assess the importance of this interaction, we first sought to identify the region in PLCG1 that mediates the interaction with p115. We first sought to delete a large portion, without interfering with the enzymatic activity. Therefore we truncated the C-terminus of PLCG1 directly after the distal catalytic domain (see schematic in Figure 5B ). In the rat sequence, this is a truncation at position 1092. The missing portion lacks the C2 domain, which is ∼96-102 amino acids in size, but leaves intact the catalytic domains of this protein.
We will refer to this mutant as PLCG1-ΔC2. We first tested the interaction of with p115 and noted a substantial loss in the ability to interact with p115 ( Figure 5C ). Next we performed siRNA rescue experiments to determine whether the PLCG1-p115 interaction is required for maintaining Golgi size and cell migration. We found that the reexpression of PLCG1-ΔC2 failed to rescue the reduction of Golgi size and the impairment of cell migration imposed by PLCG1 depletion (Figure 5, D and E) , contrary to wild-type and catalytically dead PLCG1, which effectively restored cell normal cell migration and Golgi area (Figure 4, A and B) .
The interpretation that the PLCG1-p115 interaction is important for cell migration and Golgi size is based on the assumption that
PLCG1 regulates speed but not directionality of cell migration
An aim of this work was to identify regulators of cell migration by screening for effects on Golgi structure. We could either identify new regulators of cell migration or assign a new mode of action for previously known regulators of cell motility. PLCG1 was previously shown to regulate cell migration, but this effect was not related to the Golgi or the secretory pathway. Essentially, the mode of action of PLCG1 was never deciphered. PLCG1 was a member of the small Golgi hits, and in light of the stronger correlation of this group of genes with alteration of cell motility, we decided to focus on PLCG1 for further analysis.
Depletion of PLCG1 resulted a small Golgi phenotype (Figures 1E and 2A) but did not affect the expression of secretory pathway components such as GM130 and ERGIC-53 ( Figure 2B ) nor did it affect cell shape (Supplemental Figure S2 ). In addition, we did not detect any effect on cell viability in PLCG1-depleted cells as assayed by MTT assay. Silencing of PLCG1 had only a weak effect on Golgi polarization ( Figure 1C) , implying that the effect on cell migration might possibly not be due to polarization defects. To test this more directly, we performed live imaging and single-cell tracking to calculate velocity and directionality of migration in wound-healing assays. We first noticed that the tracks of PLCG1-depleted cells were directional but considerably shorter than with control cells, consistent with the absence of a polarization defect ( Figure 3A) . Conversely, cells depleted of DGKG (a fragmented Golgi hit) failed to orient the Golgi into the direction of migration ( Figure 1C ) and exhibited nondirectional cell tracks ( Figure 3A ). To calculate the directional bias of these cells, we computed the directness of tracks and the forward migration index (FMI) as described earlier (Wu et al., 2012) . The FMI is a measure based on the relative position of the start and endpoint of the track (see schematic in Figure 3B ). The closer the FMI is to 1, the more directed the tracks are toward the other side of the wound. Depletion of PLCG1 did not have any effect on the FMI, whereas Therefore we conclude that the inability of PLCG1-ΔC2 to interact with p115 is not due to misfolding or general inactivation of the protein.
Next we wanted to narrow the region in the PLCG1 C-terminus that mediates the interaction with p115. Therefore we performed serial truncations, sequentially deleting ∼20 amino acids, and determined whether these mutants are capable of coimmunoprecipitating with p115. These experiments revealed that a region located between positions −60 and −81 (1209-1230) mediates the interaction with p115 ( Figure 5C ). To determine whether PLCG1-Δ81 (i.e., the mutant lacking the C-terminal 81 amino acids) behaves like the PLCG1-ΔC2, we performed an RNAi rescue experiment and found that PLCG1-Δ81 failed to rescue the decrease in Golgi size imposed by PLCG1 knockdown ( Figure 5F ), as was the case with PLCG1-ΔC2 ( Figure 5E ). We also tested whether PLCG1-Δ81 exhibits growth factor-dependent recruitment to the plasma membrane and found this to be the case (Supplemental Figure S4 ).
PLCG1 regulates ER-to-Golgi trafficking
The tethering protein p115 was previously shown to regulate trafficking in the early secretory pathway (Nelson et al., 1998; Brandon et al., 2006) . Therefore we tested whether PLCG1 has an effect on trafficking from the ER to the Golgi. We used the recently described retention using selective hooks (RUSH) method (Boncompain et al., 2012) and found that silencing PLCG1 strongly affected the formation of transport intermediates containing mannosidase-II PLCG1-ΔC2 is catalytically active. To support this conjecture experimentally, we overexpressed wild-type and catalytically dead PLCG1 and PLCG1-ΔC2 in HeLa cells and determined the effect on the levels of PI(4,5)P2 by immunofluorescence. PI(4,5)P2 is the substrate for PLCG1, and overexpression of this lipase is expected to decrease the levels of its substrate. We performed our experiments in transiently transfected cells (∼18 h after transfection). As is usually the case in transient transfections, we observed a wide range of overexpression levels (i.e., some cells weakly overexpress PLCG1, whereas others have more). To account for this variation, we correlated the extent of the decrease of PI(4,5)P2 with the increase in the levels of PLCG1, which can be easily assessed because it is green fluorescent protein (GFP) tagged. We noticed that increasing levels of PLCG1 resulted in a decrease of PI(4,5)P2, whereas the catalytically dead mutant of PLCG1 failed to exert any effect ( Figure 6 , A and B). Of note, overexpression of PLCG1-ΔC2 also reduced the levels of PI(4,5)P2 ( Figure 6C ), indicating that truncation of the Cterminal portion of PLCG1 does not compromise its ability to hydrolyze PI(4,5)P2. Therefore we conclude that this truncation mutant is catalytically competent, and thus its inability to rescue cell migration and Golgi size is not due to overexpression of a "junk" protein. As another test for the functionality of the truncation PLCG1-ΔC2, we tested the recruitment of wild-type PLCG1 and mutant PLCG1-ΔC2 to the plasma membrane upon stimulation with mitogen (serum). It was previously shown that growth factor stimulation results in recruitment of PLCG1 to the cell surface via binding to receptor tyrosine kinases (Tvorogov and Carpenter, 2002) . We reasoned that if PLCG1-ΔC2 were functional, then it ought to exhibit the same dependence on growth factors with respect to plasma membrane recruitment. In serum-starved HeLa cells, both wild-type PLCG1 and 
A trafficking defect is necessary but not sufficient to impair cell migration
Our results so far indicate that PLCG1 regulates cell migration mainly via interaction with p115 and that catalytic activity alone does not suffice to control cell motility. However, it remains unclear whether the regulation of ER-Golgi trafficking alone is sufficient to explain our findings on cell migration or whether the catalytic activity adds on top of the trafficking effect. To explore more generally the connection of secretory trafficking and cell migration, we tested the effect of all migration hits on secretion. We performed siRNA screening in HepG2 cells and assayed for their ability to secrete α1-antitrypsin. This assay was established in our laboratory to faithfully monitor defects of secretion because α1-antitrypsin is a major secretor cargo in HepG2 cells (Reiterer et al., 2010; Tillmann et al., 2015) . As shown in Supplemental Figure S5A , there was no clear correlation between the magnitude of secretion defect and the impairment of cell migration, and many migration hits did not display any secretion defect. We counted the migration hits that exhibited an impairment of migration >15% and found that ∼33% (17 of 52) did not fulfill these criteria. In agreement with this, silencing Sec16A, a key regulator of ER export (Farhan et al., 2008 (Farhan et al., , 2010 Tillmann et al., 2015) , did not affect cell migration ( Figure 9A ) but clearly affected ER-to-Golgi transport of mannosidase-II ( Figure 9B ). Because p115 is an interaction partner of PLCG1, we decided to test the effect of this tethering protein on cell migration. Silencing p115 resulted in a reduction of ERGIC-53 punctae and inhibited ER-to-Golgi trafficking ( Figure 7A ). A similar result was obtained using the vesicular stomatitis virus glycoprotein (VSVG) as another model cargo and the acquisition of endoglycosidase H as readout ( Figure 7B ). We also determined the effect of PLCG1 knockdown on the number of peripheral clusters of the ERGIC because formation of these structures is dependent on ER export (Xu et al., 2004; Ben-Tekaya et al., 2005) . Depletion of PLCG1 reduced the number of ERGIC-53-positive punctae (Figure 7, C and D) . Because the catalytic activity of PLCG1 appeared not to be sufficient to rescue Golgi size and cell migration, we asked whether the enzymatic activity is important for ER-Golgi trafficking. Using the number of ERGIC-53 punctae as a surrogate parameter, we found that wild-type and catalytically inactive PLCG1 completely rescued the decrease in ERGIC-53 punctae in PLCG1-silenced cells ( Figure 7D ). However, neither PLCG1-ΔC2 nor PLCG1-Δ81 rescued the number of ERGIC-53 punctae to any appreciable extent ( Figure 7D ). This indicates that the interaction with p115 is important for controlling trafficking in the early secretory pathway, whereas the enzymatic activity is not sufficient.
We next tested whether PLCG1 has any effect on the subcellular dynamics of p115. To this end, we performed fluorescence recovery after photobleaching (FRAP) of two different pools of p115-the one at the Golgi and the one at the ERGIC. Depletion of PLCG1 reduced the mobile fraction of p115 at the ERGIC but had no appreciable effect on its dynamics at the Golgi (Figure 8, A and B) . Thus PLCG1 controls the dynamics of p115 on pre-Golgi membranes. What other factor, in addition to a trafficking block, contributes to the impaired migration of PLCG1-knockdown cells? PLCG1 is known to play a role in phosphatidylinositol (PI) metabolism by hydrolyzing PI(4,5)P2 to diacylglycerol and inositol trisphosphate. These components are then used to regenerate PI ( Figure 10A) . Depletion of PLCG1, as expected, increased PI(4,5)P2 staining ( Figure 10B ), but, more surprisingly, it led to a reduction in phosphatidylinositol 4-phosphate (PI4P) staining at the Golgi ( Figure 10C ). It ( Figure 9 , B and C), which is consistent with the previously reported role of p115 in early secretory trafficking (Nelson et al., 1998; Alvarez et al., 1999) . Knockdown of p115 had only a slight (but statistically significant) effect on cell migration, which was weaker than that of PLCG1 depletion ( Figure 9A ). These findings support the conjecture that alterations of ER-Golgi trafficking, although affecting on cell migration, are alone not sufficient to impose a block on cell movement.
FIGURE 5: (A) Coimmunoprecipitation of PLCG1 (IP: PLCG1) and p115 (IP: p115) from HeLa cell lysate. Input, the input material of the immunoprecipitation (5%). Neg. Control, the negative control in which the immunoprecipitation was performed in the absence of antibody but in the presence of protein G-Sepharose beads. Immunoprecipitated PLCG1 or p115 was eluted and immunoblotted against p115 and PLCG1, respectively (upper gel). Blots were stripped and immunoblotted against PLCG1 and p115 (lower gel). (B) Schematic depiction of the domains in PLCG1. (C) HeLa cells were transfected with a plasmid encoding wild-type GFP-tagged PLCG1 (PLCG1-WT) or truncation mutants lacking 19, 39, 60, and 81 C-terminal amino acids (PLCG1-Δ19, -Δ39, -Δ60, and -Δ81, respectively). In addition, a truncation mutant lacking the C2 domain was also used (PLCG1-ΔC2). After 24 h, cells were lysed and the lysate subjected to immunoprecipitation with GFP-tap beads (ChromoTek). The immunoprecipitated material was subjected to SDS-PAGE and immunoblotted against p115. The blot was stripped and probed with an antibody against GFP (to detect PLCG1). (D) HeLa cells were transfected with the indicated siRNAs. After 48 h, cells were transfected with plasmids encoding either GFP or GFP-tagged PLCG1-ΔC2. After 8 h, cells were plated into ibidi migration inserts. Cell migration was initiated by removing the insert, and cells were allowed to migrate for 18 h. (E, F) HeLa cells were transfected with the indicated siRNAs. After 48 h, cells were transfected with plasmids encoding GFP or GFP-tagged PLCG1-ΔC2 (E) or PLCG1-Δ81 (F). Asterisks indicate statistically significant differences from control (* p < 0.05; ** p < 0.01). A possible cause for the reduction of PI4P is that the production of its precursor, PI, is reduced. Depletion of PLCG1 could limit the availability of precursors for PI regeneration. PI synthase (PIS) localizes to punctate structures that form in a manner dependent on ER is unlikely that this is due to altered COPI-mediated retrieval of Sac1 (the PI4P phosphatase; Blagoveshchenskaya et al., 2008) from the Golgi because levels of coatomer at the Golgi were unaffected (Supplemental Figure S5B ). FIGURE 7: (A) HeLa cells expressing the ManII-GFP RUSH reporter were transfected with the indicated siRNA. After 72 h, cells were treated with biotin to release the reporter from the ER. Cells were fixed at indicated time points, and the number of punctate structures (transport complexes) was determined using ImageJ. Bottom, representative images; top, statistical evaluation of three independent experiments (normalized to time point 0 min). (B) HeLa cells were transfected with the indicated siRNA. After 48 h, cells were transfected with the VSVG-RUSH construct (encodes for GFP-tagged VSVG and streptavidin-Ii). After further 24 h, cells were either lysed directly (T0) or treated with biotin (to release VSVG from the ER), lysed after 10 (T10) and 20 min (T20), and lysed subsequently. Cell lysates were either left untreated (-) or digested with endoglycosidase H (+). R and S, positions of the endoglycosidase H-resistant andsensitive bands, respectively. (C) Effect of PLCG1 depletion on the distribution of ERGIC-53 in HeLa cells. (D) The first two bars represent the quantification of the experiments described in C (three independent experiments ± SD). The remaining bars represent quantifications of the number of peripheral ERGIC-53 punctae from cells transfected with the indicated mutants of PLCG1 24 h before fixation and staining. Asterisks indicate statistically significant differences. Asterisks indicate statistically significant differences from control (** p < 0.01).
the number of punctate structures was drastically reduced. PIS punctae were also reduced upon inhibiting ER export by Sec16 knockdown ( Figure 10D ). Furthermore, knockdown of the PLCG1 interactor p115 also resulted in a strong reduction in the number of PIS punctae ( Figure 10D ). Thus knockdown of PLCG1 retains PIS in the ER, a condition previously shown to alter PI synthesis. Next we tested whether combined impairment of ER-Golgi trafficking and alteration of PI production would affect cell migration. We depleted PIS (by three different siRNAs) to mimic alteration of PI production. Depletion of PIS or Sec16 alone did not affect cell migration, but their co-knockdown inhibited migration ( Figure 10A ). Using videomicroscopy, we found that (as in the case of PLCG1) codepletion of Sec16 and PIS resulted in a reduction of cell velocity without affecting the FMI or directness of cell movement (Figure 10 , E-G). To block recycling of precursors for PI synthesis, we treated cells for 24 h with lithium, which blocks the formation of inositol-phosphate ( Figure 10A ; Sun et al., 1992) . Lithium alone only marginally affected cell migration, but it strongly synergized with Sec16 knockdown to inhibit motility ( Figure 9A ). By videomicroscopy, we found that combining Sec16 knockdown and lithium reduced velocity but did not affect directness or the FMI (Figure 10 , E-G), which export (Kim et al., 2011) . The function of PIS is dependent on the localization to these structures, and thus PLCG1 knockdown could inhibit the localization of PIS to the punctate structures. To test this conjecture, we first depleted PLCG1 and determined the localization of PIS. As shown in Figure 10D , PIS was retained in the ER, and FIGURE 8: HeLa cells expressing GFP-tagged p115 were transfected with the indicated siRNA, and FRAP measurements were performed on the ERGIC (A) and the Golgi (B) as described in Materials and Methods. possible explanation for a discrepancy. It was observed that mouse embryonic fibroblasts from PLCG1 knockouts display no apparent defect in cell migration in a wound-healing assay (Ji et al., 1998) , which is in contrast with findings that PLCG1 regulates migration. This apparent discrepancy might be due to the use of different cell types (epithelial vs. mesenchymal cells). In addition, a typical argument that is often used in such cases is that short-term knockdown experiments are not necessarily comparable to complete gene knockouts that might result in compensatory cellular changes, but the nature of these "compensations" is not clear. Our findings might offer some insight into the nature of this compensatory effect. The absence of PLCG1 that affects secretion might be compensated by other mechanisms to restore secretory capacity, and this in turn might restore cell migration. An imbalance of phosphoinositide metabolism might also affect endocytosis, which could play a role in cell motility. However, we did not find any significant effect of PLCG1 knockdown on the number of transferrin receptor-containing endosomes (Supplemental Figure S6A) . The number of endosomes has been used to infer effects on the endocytic system (Collinet et al., 2010) . In addition, searching the endosomics database (endosomics .mpi-cbg.de/) revealed that PLCG1 has only a modest effect on endocytosis (see sample analysis in Supplemental Figure S6B ). Therefore we consider that the effect of PLCG1 on cell migration is instead due to the effect on ER-Golgi trafficking. Our findings on PLCG1 are specific and not due to siRNA off-target effects for the following reasons: first, the effects of PLCG1 depletion in transformed cells (HeLa) were comparable to those observed in nontransformed cells (RPE-1). Second, the observations were made with two different sets siRNA pools and a single siRNA from a different provider. Third, we performed siRNA rescue experiments in which we showed that siRNAresistant PLCG1 is capable of rescuing the effect of PLCG1 on cell migration, Golgi size, and number of ERGIC punctae.
Our results indicate that the catalytic activity of PLCG1 is not a dominant factor controlling cell motility, but they also indicate that the catalysis is somehow required. Several findings in our work support this notion. Depletion of p115 or Sec16, regulators of ER-Golgi traffic, only weakly if at all affect cell migration. In addition, pharmacological inhibition of PLCG1 or inhibition of PI synthesis alone has no effect on cell movement. However, combining a trafficking block (Sec16 knockdown) with lithium or with catalytic PLCG1 inhibitor results in a strong alteration of cell migration. Thus catalytic activity of PLCG1 is required but not sufficient in controlling cell motility. We propose that the PLCG1-p115 interaction is the dominant factor behind cell migration. Our data also indicate that PLCG1 regulates dynamics of p115 at the ERGIC as revealed by our FRAP data. Whether the result indicates that PLCG1 regulates p115 recruitment or it is due to the overall effect on the ERGIC remains to be tested in greater detail. However, we performed the FRAP analysis in PLCG1 cells on ERGIC structures that are intact. Given that the ER-GIC is a stable compartment (Ben-Tekaya et al., 2005) , it is conceivable that the bleached structure is still intact within the frame of the experiment (<1 min). Therefore it is unlikely that reduced recovery to this structure is due to its morphological alteration. Therefore we favor the notion that PLCG1 regulates recruitment of p115.
Others found that reduction of Golgi PI4P levels results in reduced recruitment of GOLPH3, which mediates a link between the Golgi and the actin cytoskeleton (Dippold et al., 2009 ). This was important for maintaining a stretched Golgi morphology. In light of our observation that PLCG1 knockdown reduced PI4P at the Golgi, we determined GOLPH3 levels in PLCG1-depleted cells and could not detect any difference from control cells (Supplemental Figure S7A) . We nevertheless suggest that depletion of PI4P is mechanistically is analogous to PLCG1 depletion and the Sec16 plus PIS codepletion. As shown earlier (Figure 4) , treatment with a pharmacological inhibitor of PLCG enzymes had no effect on cell migration. To underscore further the notion that a combination of enzymatic PLCG1 activity and the effect on trafficking control cell migration, we performed a Sec16 knockdown and treated cells with the pharmacological inhibitor of PLCG. As shown in Figure 9A , this condition strongly inhibited wound closure. Finally, we depleted p115, the interaction partner of PLCG1, which slightly impaired wound closure ( Figure 9A) , and determined in live imaging the effect on cell motility. The effect was less pronounced than that of PLCG1 depletion but followed the same trend, with no effect on the directness and the FMI but a reduction of cell velocity (Figure 10, E-G) . In summary, our results indicate that the role of PLCG1 in cell migration is primarily dependent on the effect of PLCG1 on ER-Golgi transport, with a minor contribution from its catalytic activity.
DISCUSSION
The relevance of pre-Golgi trafficking for the regulation of cell motility is poorly understood, and the present work suggests that ER-toGolgi transport is necessary to control cell migration. Another key finding of the present work is the identification of a previously unnoticed role for PLCG1 in cell migration that is independent of catalytic activity but depends on its interaction with the tethering factor p115. PLCG1 was previously shown to act downstream of receptor tyrosine kinases, which results in its phosphorylation by Src family kinases (SFKs; Piccolo et al., 2002; Jones et al., 2005) . The link between SFKs and PLCG1 on one hand and the role of PLCG1 in ER-Golgi trafficking on the other hand might have important implications for an emerging theme in the control of endomembrane homeostasis, namely autochthonous signaling in the secretory pathway. Endomembranes house signaling molecules and are thereby able to signal to and regulate each other independently of signaling from the environment. This is supported by reports showing that trafficking waves arriving at the Golgi activate SFKs and few other signaling molecules (Pulvirenti et al., 2008; Giannotta et al., 2012; Cancino et al., 2014) . Therefore the possibility exists that SFKs, which are activated by trafficking waves, phosphorylate PLCG1 and thereby alter the function of p115 at pre-Golgi compartments, thus forming a positive feedback loop. Whether this scenario is true requires future investigation.
Previous work showed how PLCG1 signals downstream of surface receptors such as epidermal growth factor receptor, vascular endothelial growth factor, or integrins to regulate cell migration and morphogenesis (Piccolo et al., 2002; Lawson et al., 2003; Jones et al., 2005; Choi et al., 2007; Kölsch et al., 2008) . Our work can be combined with that of others to obtain a more complete understanding of the role of PLCG1 in cell migration. On one hand, there is a wealth of reports investigating the role of the enzymatic activity of PLCG1 in regulating directional sensing during chemotaxis. PLCG1 was shown to hydrolyze PI(4,5)P2 to regulate cofilin activity and thereby directionality of movement (Mouneimne et al., 2004) . More recently, PLCG1 was shown to be important for chemotaxis of mesenchymal cells toward platelet-derived growth factor by producing diacyglycerol and thereby activating protein kinase Cα at the leading edge (Asokan et al., 2014) . Our work adds a new facet by showing that PLCG1 regulates cell motility mainly by regulating ER-Golgi trafficking. The catalytic activity of PLCG1 does not appear to be sufficient to control cell motility. To the best of our knowledge, an effect of PLCG1 on cell migration that is not dependent on catalysis has so far not been demonstrated. In addition, a link between membrane traffic in pre-Golgi compartments and cell migration has not been established. Our finding that PLCG1 regulates trafficking might offer a PIS was a kind gift from Tamas Balla (National Institute of Child Health and Human Development, Bethesda, MD).
Cell culture and transfection
HeLa cells were cultured in DMEM containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin antibiotics. RPE-1 cells were cultured in DMEM F-12 containing 10% FBS and 1% penicillinstreptomycin antibiotics. For gene silencing, cells cultured in six-well plates were transfected with 10 μM siRNA using HiPerFect (Qiagen) and analyzed after 72 h. cDNA transfection was performed using FuGene6 (Promega) 24 h before analysis.
Immunofluorescence stainings
For giantin, ERGIC-53, and GM130 staining, HeLa cells and RPE-1 cells were fixed with 3% paraformaldehyde, pH 7.4, for 20 min at room temperature and permeabilized for 5 min with phosphate-buffered saline (PBS) supplemented with 20 mM glycine, 0.2% Triton X-100, and 3% bovine serum albumin (BSA). After washing, cells were incubated with the first antibody (diluted 1:1000 in PBS containing 3% BSA) for 30 min at room temperature. After washing, cells were incubated with the proper secondary antibody (diluted 1:250 in PBS containing 3% BSA) for 30 min at room temperature. Cells were washed and mounted in polyvinyl alcohol.
For PI4P staining, HeLa cells were fixed with 2% formaldehyde for 15 min at room temperature and permeabilized for 5 min with 20 μM digitonin at room temperature. After washing, cells were incubated with the primary antibody diluted in PBS containing 5% goat serum for 30 min at room temperature. After washing, cells were incubated with the proper secondary antibody (diluted 1:250 in PBS containing 3% BSA) for 30 min at room temperature. Cells were washed and mounted in polyvinyl alcohol. The quantification of PI4P levels at the Golgi was carried out by using ImageJ software (National Institutes of Health, Bethesda, MD). PI4P intensity at the whole Golgi area was normalized for the PI4P intensity in a region of equal area in the cytoplasm.
For PI(4,5)P2 staining, the same protocol was used as in the case of PI4P. The quantification of PI(4,5)P2 staining in cells expressing the GFP-tagged version of PLCG1 was performed by measuring the average fluorescence intensity over the whole cell for the PI(4,5)P2 staining and for the GFP signal.
For staining of γ-tubulin, HeLa cells were fixed and permeabilized with ice-cold solution of methanol acetone 80/20 for 3 min on ice. After washing, cells were incubated with the first antibody (diluted 1:1000 in PBS containing 3% BSA) for 30 min at room temperature. After washing, cells were incubated with the proper secondary antibody (diluted 1:250 in PBS containing 3% BSA) for 30 min at room temperature. Cells were washed and mounted in polyvinyl alcohol.
To perform rescue experiments for ERGIC dots and Golgi structure, cells were transfected with the PLCG1-GFP constructs 24 h before the staining.
Analysis of Golgi phenotype
Images were acquired at a Leica SP5 confocal laser scanning microscope using the 63× oil objective at 1.7-fold magnification. Images were analyzed using ImageJ. The Golgi area (labeled using anti-giantin immunofluorescence) of 70-150 cells per sample was normalized to the total cell area. Each knockdown was performed at least three times. The knockdowns leading to a reduction of the Golgi size and showing a statistically significant difference (p ≤ 0.05) to the control knockdown were considered as small Golgi hits. A Golgi was linked to the condensation of the Golgi. This is based on the observation that acute depletion of PI4P from the Golgi using a recruitable version of Sac1 (Szentpetery et al., 2010) reduced Golgi size (Supplemental Figure S7B) . We suggest that PI4P depletion controls Golgi size in PLCG1-knockdown cells.
Members of the PLC family are increasingly viewed as promising therapeutic targets in cancer (for review, see Lattanzio et al., 2013) . However, finding isoform-specific compounds represents a major hurdle. Our results indicate that targeting the catalytic function of PLCG1 might not be necessary, as it was dispensable for the regulation of cell motility. It was suggested that targeting the interaction of PLCs with interaction partners might be a more useful option (Lattanzio et al., 2013) . Whether targeting the PLCG1-p115 interaction might represent a way to block cell migration in cancer needs to be addressed in future work.
MATERIALS AND METHODS
Reagents and antibodies
The antibodies that were used are as follows: mouse monoclonal anti-giantin (G1/133; Linstedt and Hauri, 1993) , rabbit polyclonal anti-giantin (purchased from Covance), mouse monoclonal anti-ER-GIC-53 (G1/93; Schweizer et al., 1988) , rabbit anti ERGIC-53, rabbit anti-γ-tubulin and rabbit anti-p115 (purchased from Abcam, Cambridge, UK), mouse anti-PI4P and -PI(4,5)P2 (purchased from Echelon Biosciences, Salt Lake City, UT), mouse anti-PLCG1 (purchased from Sigma-Aldrich, Buchs, Switzerland), and mouse anti-α-GFP (purchased from Roche, Rotkreuz, Switzerland). Fluorochrome-conjugated secondary antibodies were from Invitrogen. DMEM and penicillin-streptomycin was obtained from Lonza (Visp, Switzerland). The fetal calf medium was purchased from Linaris (Dossenheim, Germany). Protein G Sepharose, U73122, and biotin were purchased from Sigma-Aldrich. GFP-tagged rat PLCG1 was a kind gift from G. F. Carpenter (Vanderbilt University Medical Center, Nashville, TN). GFP-tagged PBS and then scraped down in 600 μl of immunoprecipitation buffer: 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM ethylene glycol tetraacetic acid, 1 mM EDTA, 1% Triton X-100, phosphatase inhibitor (phospho-STOP from Roche), and protease inhibitor (Complete from Roche). The lysate was incubated on ice for 15 min and cleared by centrifugation at 20,000 × g for 10 min at 4°C. Protein G-Sepharose beads were coupled to anti-PLCG1 antibody or anti-p115 antibody by coincubation at room temperature for 2 h. Cells lysate was added to precoupled beads 3 h at 4°C. Beads were washed three times in immunoprecipitation buffer and eluted by boiling in sample buffer. The eluate was subjected to immunoblotting. The anti-p115 antibody was used at 1:3000 dilution in PBS containing 0.1% Tween 20 and 3% BSA. The anti-PLCG1 antibody was used at 1:500 dilution in PBS containing 0.1% Tween 20 and 3% BSA.
To perform coimmunoprecipitation between endogenous p115 and GFP-tagged PLCG1-constructs, we incubated cell lysates with GFP-TRAP beads (ChromoTek) overnight at 4°C. Beads were then washed three times in immunoprecipitation buffer and eluted by boiling in sample buffer. The eluate was subjected to immunoblotting with anti-p115 antibody, followed by stripping of the membrane and immunoblotting for GFP.
FRAP
FRAP was performed with a LeicaSP5 confocal laser scanning microscope using the 63× oil objective at threefold digital magnification. All experiments were performed at 37°C. Glass coverslips were transferred to a Ludin chamber (Life Imaging Services) and covered with imaging medium (DMEM supplemented with 20 mM HEPES, pH 7.4). After acquisition of a prebleach image, the region of interest was bleached at 100% laser intensity. ERGIC punctae were bleached for 1.5 s. To bleach the Golgi, a region covering the entire Golgi apparatus was bleached for up to 7.6 s. After bleaching, images were acquired for the indicated time frame at 1 image every 0.75 s. Mobile fractions were calculated as described previously (Reits and Neefjes, 2001 ).
RUSH assay
HeLa cells expressing GFP-tagged ManII RUSH reporter were transfected with siRNA. After 72 h, cells were treated with 40 μM biotin and then fixed with 3% paraformaldehyde at different time points. After immunofluorescence staining, images were acquired at the LeicaSP5 confocal laser scanning microscope using the 63× oil objective at twofold magnification. ManII-GFP RUSH-containing dots were counted using ImageJ in a manner similar to that of counting PIS punctae. We evaluated 40-100 cells/condition, and performed three independent experiments.
PIS and ERGIC-53 punctae quantification
Images were acquired with a LeicaSP5 confocal laser scanning microscope using the 63× oil objective at twofold magnification. All images analyzed in the present work were performed on confocal slices, and the choice of the plane was based on the extent of the visibility of the nucleus. Each set of images that were directly compared with each other (e.g., knockdown and control) were acquired such that the nucleus had a similar visibility. Only cells with comparable sizes were considered for analysis. Punctae were quantified using ImageJ by applying uniform thresholding to the images to exclude nonspecific structures. Furthermore, structures smaller <2 pixels in size were excluded from analysis, as these typically represented noise due to pixelization of the image. In the case of ERGIC-53 staining, we excluded the central region by setting an upper pixel size limit of 10. Under our imaging conditions, 1 pixel is 136.7 nm. instead considered "fragmented" when more than four isolated Golgi fragments were appreciable per cell. The average number of cells displaying a fragmented Golgi was determined in at least 200 cells per experiment in three independent experiments. We considered as fragmented Golgi hits those knockdowns showing at least a twofold increase of the cells with a fragmented Golgi.
To measure the Golgi volume, we acquired stacks (380-nm step size) of 11 cells using the 63× oil objective at fourfold digital magnification. The volume was calculated by using the ImageJ 3D Object Counter plug-in. Finally, each Golgi volume was normalized to the longest diameter of the cells to account for size differences between individual cells.
Cell migration assay
Cells were seeded in six-well plates and transfected with siRNA. After 48 h, cells were trypsinized and seeded in the ibidi cell culture insert, which consists of two chambers separated by a wall that introduces a gap 600 μm in width. Cells were seeded into each chamber at a density of 12,000 cells/chamber on a glass coverslip and were allowed to attach for 4-6 h before the ibidi chamber was removed to initiate cell migration. Cells were allowed to migrate (15 h for RPE1 cells, 20 h for HeLa cells), followed by fixation and staining with Alexa 488-labeled concanavalin A to visualize the entire cell. Images were acquired by a LeicaSP5 confocal laser scanning microscope using the 10× objective at 1.7-fold magnification. Images were analyzed using ImageJ. Migration was calculated by subtracting the width of the gap at the end of the time course (15 h for RPE1 cells and 20 h for HeLa cells) from the width of the gap at t 0 (600 μm). We typically acquired cover images to cover the entire length of the wound. The wound width in each of the images was measured at 10 positions, yielding at least 50 values from which the average wound width was calculated. A knockdown was considered as inhibitory when the width of the gap was 15% larger than the control value. In cases in which we tested the effect of U73122, the drug was added at the moment of removal of the ibidi chamber.
For live imaging of migration, cells were seeded in a 2-cm dish and transfected with siRNA. After 72 h, a wound was introduced on the cell monolayer using a 200-μm tip. After washing with PBS, cells were imaged on a Zeiss epifluorescence inverted microscope. Imaging was performed overnight with transmitted light using the 10× objective, and images were acquired every 5 min at 37°C in full DMEM buffered in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). The dish was sealed with Parafilm to minimize gas exchange. Analysis was performed using the Manual Tracking plug-in in ImageJ. To obtain the FMI, the directness, and the velocity, we analyzed the obtained tracks using the ibidi chemotaxis tool (ibidi.com/applications/chemotaxis/).
Golgi polarization assay
Cells were seeded on coverslip in six-well plates and transfected with the siRNA. After 72 h, we introduced a wound on the cell layer by using a 200-μl tip and fixed directly after wounding of after 6 h. The samples were stained with anti-giantin antibody, and images were acquired with a Leica SP5 confocal microscope using a 10× objective. Golgi orientation was determined for the first row of cells facing the wound. Golgi was considered as oriented if the majority of the Golgi mass lay in a 120° angle facing the wound edge.
PLCG1-p115 coimmunoprecipitation
HeLa cells were plated into 10-cm cell culture dishes and allowed to reach ∼80-90% confluence. Cells were washed one time in ice-cold
